Phosphorylated histone H2AX (gH2AX) has been thought to be a marker of DNA double-strand breaks (DSBs). We examined whether polyaromatic hydrocarbons (PAH), benzo[a]pyrene, 1-nitropyrene, 1,8-dinitropyrene, 3-nitrobenzanthrone and N-hydroxy-3-aminobenzanthrone, can phosphorylate H2AX in human HeLa cells by using immuno‰uorescence microscopy. These substances do not cause DSB directly but produce purine adducts in cellular DNA. After exposure of the cells to these chemicals with a concentration giving 10% cell survival followed by incubation for one hour, gH2AX foci appeared in the cell nuclei. All cells expressing gH2AX corresponded to those that incorporated bromodeoxyuridine after PAH treatment, indicating that PAH-induced H2AX phosphorylation correlated to S-phase entry of the cells. Cells exposed to ultraviolet light and camptothecin, which produce pyrimidine dimers and single-strand breaks (SSBs) in DNA, respectively, showed the same response. On the other hand, cells exposed to X-ray and etoposide, which produce DSBs, expressed gH2AX not only in S-phase cells. These results suggest that H2AX phosphorylation signals are transmitted from directly produced DSBs in all cell phases as well as from DNA strand stalling in the S-phase. H2AX phosphorylation by all substances used in this experiment is inhibited by wortmannin, implying that H2AX phosphorylation is regulated by ATM and/or ATR pathways.
Introduction
Histone H2A, a core histone constituting chromatin, has been conserved in the evolutionary process of eukaryotes. Histone H2AX is a variant form of H2A and ubiquitously distributed in the eukaryotic genome (1) . Histone H2AX has a conserved SQ motif known to be a target for the phosphorylaton of phosphoinositide-3-kinase-related protein kinases (2) . In human cells, the serine 139 residue in the motif is phosphorylated in response to DNA double-strand breaks (DSBs), principally by ATM (ataxia telangiectasia mutated) kinase (3) . When DSBs is formed in cells, ATM binds to Nbs1 in the cytoplasm and promptly moves to the nucleus to phosphorylate H2AX (4, 5) . If ATM or Nbs1 is absent in cells, DNA-PK (DNA-dependent protein kinase) can function to phosphorylate H2AX (6) .
H2AX phosphorylation takes place within a few minutes after cells are exposed to ionizing radiation (7) . Phosphorylation can be also found after cells are treated with DSB-causing agents such as bleomycin, tirapazamine, etoposide, teniposide and doxorubicin (8) . These phosphorylation events are easily detected as nuclear foci by speciˆc ‰uorescent dye-conjugated antibodies against phosphorylated H2AX (gH2AX) under a ‰uorescence microscope. Nuclear focus formation has been extensively utilized as a marker of DSB formation. The gH2AX foci formed by ionizing radiation colocalize with those of BRCA1, Rad50, Rad51 Nbs1, 53BP1 and MDC1 (9) (10) (11) (12) , suggesting that the phosphorylation of H2AX may have a role in assembling DNA repair proteins or in damage signaling at damaged sites of the genome.
The gH2AX foci are also formed after cells are exposed to agents other than DSB-causing agents. Ultraviolet light (UV) irradiation induces pyrimidine dimers in cellular DNA and also forms intense gH2AX foci in nuclei (13, 14) . This strong focus induction occurs only in the S-phase of the cell cycle and colocalizes with proliferating cell nuclear antigen (PCNA), 53BP1 and BRCA1 (13, 14) . H2AX phosphorylation is not likely regulated by ATM but by ATR (ATM and Rad53-related) (13, 15, 16) . Single-strand DNA regions generated by replication fork arrest at pyrimidine dimer sites initiate ATR-mediated H2AX phosphorylation, which in turn stabilizes ATR at the arrested sites (16) . The possibility that pyrimidine dimers can be converted to DSBs by the duration of replication fork arrest remains the cause of UV-induced gH2AX focus formation (8) .
DNA damage-inducing chemicals have been reported to produce gH2AX foci (8) , including methyl methanesulfonate, N-methyl-N?-nitro-N-nitrosoguanidine and adozelesin, which cause alkylation of DNA bases; camptothecin and topotecan, which cause DNA single-strand breaks through inhibition of topoisomerase I; hydrogen peroxide, which causes DNA oxidation; cisplatin, which induces intrastrand DNA crosslinks between guanines; and 4-nitroquinoline 1-oxide (4NQO) and N-acetoxy-2-acetylamino‰uorene (AAAF), which make bulky adducts to purines. Although some of these chemicals may directly induce a small amount of DSBs, H2AX phosphorylation by most of these chemicals would be principally due to a mechanism similar to that of UV-induced DNA damage.
DNA bulky adducts and UV-induced pyrimidine dimers are removed by nucleotide excision repair (NER) in which XPF-ERCC1 complex and XPG incise 5?-and 3?-sides, respectively, of the damage, followed by removal of the damaged DNA strand and resynthesis of a new DNA strand by DNA polymerases d and e (17,18); therefore, chemicals producing DNA bulky adducts are called UV-type mutagens. Although 4NQO and AAAF are known to induce gH2AX foci (14,19), we do not know whether all UV-type mutagens induce gH2AX foci. If all DNA bulky adducts that can be repaired by NER are involved in a common mechanism, H2AX is expected to be phosphorylated without exception and to play a crucial part in the processing of adducted damage.
In this study, we examine whether benzo[a]pyrene (B[a]P), 1-nitropyrene (1-NP), 1,8-dinitropyrene (1,8-DNP), 3-nitrobenzanthrone (3-NBA) and Nhydroxy-3-aminobenzanthrone (H-ABA), which are polyaromatic hydrocarbons (PAHs) and UV-type mutagens, induce gH2AX foci in HeLa human cervix tumor cells. HeLa cells have intrinsic enzymes to activate these PAHs. These PAHs are present in diesel exhaust and urban air, and their interaction with cellular DNA and the structures of DNA base adducts have been elucidated considerably (20, 21) . We also adopted UV, X-ray, camptothecin and etoposide exposure as experimental references of known H2AX-phosphorylating agents. Camptothecin and etoposide, inhibitors of DNA topoisomerase I and II, respectively, cause DNA singleand double-strand breaks, respectively, in their reaction processes (22, 23) .
Materials and Methods
Cell culture, and exposure to chemicals, UV and Xray: Human uterine cancer cells, HeLa S3, were used in this study. The cells were grown with RPMI1640 medium (Sigma) supplemented with 10z fetal bovine serum (JRH) in a humidiˆed 5z CO2 incubator, and seeded on slide glass at a density of 10 6 cells/mL. The cells were exposed to chemicals, UV or X-ray with a dose giving 10z cell survival. The dose of each agent had been determined with colony-forming assays in a preliminary study. The concentrations of chemicals used for treatment were 280 mM benzo[a]pyrene (Sigma), 450 mM 1-nitropyrene (Sigma), 300 mM 1,8-dinitropyrene (Sigma), 450 mM 3-nitrobenzanthrone (generous gift from Dr. Takamura), 450 mM N-hydroxy-3-aminobenzanthrone (gift from Dr. Takamura), 10 mM camptothecin (Topogen) and 100 mg/mL etoposide (Topogen). All chemicals were dissolved in dimethyl sulfoxide (Nacalai) and diluted to the above concentrations with serum-free culture medium. Cells grown on slide glass were washed with phosphatebuŠered saline solution (PBS) and incubated with serum-free medium containing the chemicals for one hour. UV (10 J/m 2 ) was irradiated to cells with a germicidal lamp (wavelength 254 nm) at a dose rate of 0.5 J/m 2 /sec. X-ray (1 Gy) was irradiated with the Radio‰ex 350 system (Rigaku Electric Co.) at a dose rate of 0.5 Gy/min. After chemical or radiation exposure, cells were grown with medium containing 50 mM bromodeoxyuridine (BrdU) (Sigma) for 1 h, andˆx-ed with ice-cold methanol for 20 min. To examine the eŠect of wortmannin, an inhibitor of phosphoinositide 3-kinases (24), on H2AX phosphorylation, cells were incubated with medium containing 100 mM wortmannin from 30 min prior to treatment to 1 h after chemical or radiation exposure.
In a preliminary experiment, we measured the level of gH2AX focus intensity at several periods after treatment. Foci appeared just after chemical treatment, and their intensity had increased 1 h later but slightly decreased 3 h later, therefore, we measured the intensity of foci 1 h after treatment in further experiments.
Immunostaining and ‰uorescence microscopy: Methanol-ˆxed cells on slide glass were rinsed with icecold PBS 3 times, and immersed in PBS containing 0.5 z Triton X100 for 30 min. Cells were rinsed with icecold PBS 3 times, and kept in PBS containing 5z bovine serum albumin for 18 h at room temperature. Cells were then rinsed once in PBS, and treated with a rabbit anti-phospho-H2AX antibody (4 mg/mL in PBS) (Trevigen 4411-PC-100) and a mouse monoclonal Alexa Flour 594 anti-BrdU antibody (Molecular Probe A21304) (1/1000 diluted in PBS) for 1 h at room temperature. The cells were rinsed with ice-cold PBS 3 times, and treated with a second antibody, goat Alexa Flour 488 anti-rabbit IgG (Molecular Probe A11034) (1/1000 diluted in PBS), for 1 h. After the cells were rinsed with ice-cold PBS 3 times, they were soaked in Vectorshield mounting solution containing 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (Vector H-1200) and overlaid with a cover glass. 2 ) or X-ray (1 Gy) irradiation followed by incubation with or without 100 mM wortmannin (WAL) for 1 h. Green ‰uorescence area (FITC: gH2AX) divided by blue ‰uorescence area (DAPI: DNA) in each nucleus is represented as the relative level of gH2AX expression. Each bar indicates the mean value and standard error of gH2AX expression levels among more than 100 nuclei. To evaluate the level of gH2AX ‰uorescence, cells were observed with low intensity emission light.
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Fluorescent nucleus images were observed with 1000X magniˆcation lenses of a ‰uorescence microscope (Olympus BX-URA2), and taken with a cooled CCD camera (Keyence VB-7000) in a dark room. DAPIstained nuclei shone blue, gH2AX foci shone green, and BrdU-incorporated nuclei shone red through the ‰uorescence microscope. Blue and green areas of each nucleus were measured by an image analyzing system (Keyence VH-H1A5). To represent the relative level of H2AX phosphorylation of each nucleus, the value of the green area divided by the blue area was used.
Results
To demonstrate that our experimental procedure works properly, HeLa S3 cells were exposed to UV or X-ray followed by incubation for several hours, and the gH2AX induction levels were measured. A number of gH2AX foci appeared 10 minutes after UV or X-ray irradiation, and increased until 1 h later; therefore, we measured the gH2AX level 1 h after irradiation in further experiments. Fig. 1 shows that X-ray (1 and 4 Gy) and UV (10 and 40 J/m 2 ) induced H2AX phosphorylation 30-50 times higher than the background level (bars D, E, H and I), and the induction was completely suppressed by 100 mM wortmannin (bars F and J). This result agrees with earlierˆndings of other investigators using other cells (25, 26) , and indicates the reliability of ourˆndings in the present study.
The levels of H2AX phosphorylation by PAHs, etoposide and camptothecin are shown in Fig. 2 , where each histogram indicates the proportion of gH2AX intensity per nucleus with an average value. All PAHs induced gH2AX foci at the concentration giving 10z survival (panels B, E-H), while DMSO, the solvent of all chemicals, barely induced foci (panel A). Etoposide and camptothecin (positive controls of focus inducers) induced foci in most cells (panel I and J). Simultaneous treatment of wortmannin (100 mM) and B[a]P completely suppressed gH2AX focus formation (panel D in comparison with B). This suppression was observed in cells treated with all other chemicals used in this study (data not shown). Fig. 3 shows representative photographs of cells exposed to PAHs, etoposide, camptothecin, X-ray and UV. Cells in the same microscopicˆeld were observed through diŠerent opticalˆlters to visualize the nucleus (blue), gH2AX (green) and BrdU (red). In Fig. 3 , gH2AX was observed in cells exposed to all PAHs, but its intensity varied among them. Cells expressing gH2AX were labeled with BrdU, and gH2AX and BrdU intensities of cells were fairly correlated. This correlation was also observed in cells exposed to UV and camptothecin.
On the other hand, X-ray and etoposide induced gH2AX foci in both BrdU-labeled and unlabeled cells. The correlation between gH2AX and BrdU intensities of cells was not observed. It is noteworthy that cells with strong gH2AX intensity without BrdU labeling (shown by yellow arrows in Fig. 3) were not found in cells treated with PAHs, UV and camptothecin. Immuno‰uorescence images of cells exposed to PAHs, etoposide, camptothecin, X-ray and UV light. Cells were treated with PAHs for 1 h followed by incubation for 1 h, or irradiated with X-ray or UV light followed by incubation for 1 h with BrdU (see text for details). Cells in the same microscopicˆeld were observed through diŠerent opticalˆlters to visualize the nucleus (blue), gH2AX (green) and BrdU (red). To show gH2AX ‰uorescence clearly, cells were observed with high intensity emission light 96 Chiaki Shimohara et al.
Discussion
In this study, we elucidated that PAHs, as well as Xray, UV, etoposide and camptothecin, cause H2AX phosphorylation in HeLa cells. As gH2AX was induced in the S-phase speciˆcally by all PAHs, UV and campotothecin, a common mechanism must be present for induction. Purine adducts and pyrimidine dimers, major DNA lesions by PAH and UV exposure, respectively, are removed from DNA principally by the nucleotide excision repair (NER) pathway (27) , and DNA single-strand breaks, a major lesion produced by camptothecin (22) , are also produced by endonuclease scission in the NER process; therefore, NER would be related closely to gH2AX formation in the S-phase.
B[a]P is metabolized by various P450 enzymes, CYP1A1/2, 1B1, 3A4, 2C8 and 2C9/10, to electrophilic species, such as benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, which binds cavalently to the N2 position of guanine of DNA in the cells (28) . Nitro-PAH, such as 1-NP, 1,8-DNP and 3-NBA, is reduced to N-hydroxy-PAH by cytosolic nitroreductase followed by N-acetylation by N-acetyltransferase in cells (29) . H-ABA is a metabolic intermediate of 3-NBA (29, 30) . The reactive metabolite, N-acetylamino-PAH, binds covalently to N 2 and C8 positions of guanine and N 6 position of adenine of DNA in the cells (30, 31) . In HeLa cells, arylhydrocarbon receptor (AhR), AhR translocator protein, CYP1A1, CYP1B1, nitroreductase and N-acetyltransferases 1 and 2 are expressed (32) (33) (34) (35) (36) , and CYP1A1/2 and 1B1 expression levels are enhanced by B[a]P treatment (32, 33) . The PAH-produced purine adducts could cause H2AX phosphorylation in the S phase of the cell cycle of HeLa cells. During the metabolizing process of PAHs, reactive oxygen species (ROS), such as hydrogen peroxide, superoxide and hydroxyradical, are also produced (37) , and the ROS occasionally causes DNA double-strand breaks (DSB) (38, 39) . As the amount of DSB produced by PAH is far less than that of purine adducts, ROS would not contribute to gH2AX induction in the S-phase of this study.
On the other hand, X-ray and etoposide produced DSBs at high frequencies in all phases of the cell cycle and, therefore, gH2AX foci appeared in non-S phase cells that did not incorporate BrdU (Fig. 3) . It has been shown that H2AX is phosphorylated at DSB sites of chromatin as soon as DSB is caused in all phases of the cell cycle (40, 41) . These results suggest that the mechanism of H2AX phosphorylation by PAHs is diŠerent from that by X-ray and etoposide.
Two possible mechanisms can be proposed for the PAH-and UV-induced phosphorylation of H2AX in the S-phase. At the Y-shaped DNA replication fork, a newly synthesized DNA strand stalls when it encounters a bulky addut or a pyrimidine dimer, and parental DNA strands become two single strands by continuous DNA unwinding by DNA helicase. The resultant single-strand DNA binds to replication protein A (RPA). Theˆrst explanation is that this single-strand DNA and RPA complex recruits ATR to stabilize the complex, and the surrounding H2AX and Chk1 are phosphorylated by ATR (13, 16) . This process does not include DSBs. The second explanation is that DSB is caused by endonuclease scission of single-strand DNA at the adducted sites where a replication fork stalls, and DSB triggers H2AX phosphorylation (8) . Theˆrst explanation would be more plausible because we used rather mild PAH treatment for cells (giving 10z survival) in this study, and DSB is hardly caused by such treatment.
Recent studies have shown that UV causes H2AX phosphorylation in the G1-phase of the cell cycle (14, 42, 43) . This gH2AX focus induction is observed in normal humanˆbroblast cells but not in NER-deˆcient xeroderma pigmentosum cells, which clearly indicates that foci are induced in the NER process and not mediated by DSBs (30) . This phosphorylation in the G1-phase is strikingly enhanced by treatment with a DNA polymerase inhibitor, cytosine-b-D-arabinofuranoside, and is mechanistically distinct from phosphorylation in the S-phase (14) ; however, in the present study, we did notˆnd any UV-and PAH-induced gH2AX foci in cells other than S-phase cells. Early reports on UV-induced H2AX phosphorylation in HeLa cells also did not describe gH2AX focus formation in the G1-phase (16) . HeLa cells proliferate vigorously and, therefore, if cells can be arrested in the G1-phase and exposed to UV, gH2AX foci might be observed.
Many reports have shown that various chemical and physical treatments cause H2AX phosphorylation (8) . The gH2AX focus inducers are classiˆed as DNAdamaging agents, topoisomerase inhibitors, DNA and RNA synthesis inhibitors, heavy metals, UV and ionizing radiations, heat, low pH, hypoxia and so on. Most of these inducers are shown to cause DSBs; however, various mechanisms causing H2AX phosphorylation are present. The mechanisms may be diŠerent in treatments with various dosages, and among the cell types used. For instance, chemical treatment at high concentration causes cell apoptosis, and the resultant DNA strand breaks induce H2AX phosphorylation (41, 44) . In the present study, apoptosis is not a cause of H2AX phosphorylation because the concentration of chemicals was too low to induce apoptosis (giving 10z cell survival), and HeLa cells are shown to be rather resistant to apoptosis (45, 46) .
Taken together, UV-type mutagens that produce DNA bulky adducts, such as PAHs, 4NQO and AAAF, induce H2AX phosphorylation in the S-phase by a common mechanism. This gH2AX focus formation is inhibited by wortmannin, a PI3-kinase inhibitor, implying that H2AX phosphorylation is regulated by ATM and/or ATR pathways.
